In this paper we discuss some of the important issues pertaining to laser acceleration in vacuum, neutral gases, and plasmas. The limitations of laser vacuum acceleration as they relate to electron slippage, laser diffraction, material damage, and electron aperture effects, are discussed. An inverse Cherenkov laser acceleration configuration is presented in which a laser beam is self-guided in a partially ionized gas. Optical self-guiding is the result of a balance between the nonlinear self-focusing properties of neutral gases and the diffraction effects of ionization. The stability of self-guided beams is analyzed and discussed. In addition, aspects of the laser wakefield accelerator are presented and laser-driven accelerator experiments are briefly discussed.
I. INTRODUCTION
Breakdown and thermal limitations in the cavities of radio-frequency linacs limit the accelerating gradient to Շ50 MV/m. Intense focused optical beams, on the other hand, can reach field levels greater than 10 12 V/m in vacuum. Such enormous fields have stimulated a great deal of research in laser-driven acceleration concepts. 1 In this paper we will discuss laser acceleration of electrons in ͑i͒ vacuum, [2] [3] [4] [5] [6] [7] [8] ͑ii͒ neutral gases ͑inverse Cherenkov acceleration͒, [9] [10] [11] and ͑iii͒ plasmas ͑laser wakefield acceleration͒. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Advances in laser technology 26, 27 have made possible compact terawatt laser systems with high intensities ͑տ10 18 W/cm 2 ͒, modest energies ͑Շ100 J͒, and short pulses ͑Շ1 ps͒. The peak amplitude of the transverse electric field of a linearly polarized laser pulse is given by E L ͑ TV/m͒ϭ2.7ϫ10 Ϫ9 I
1/2
͑ W/cm 2 ͒ϭ3.2a 0 /͑m͒, ͑1͒
where I is the laser intensity, is the laser wavelength, and a 0 is the laser strength parameter. Physically, a 0 is the normalized transverse oscillation momentum of the electrons in the laser field. The power of a linearly polarized, Gaussian laser pulse is P͑GW͒ϭ21.5͑a 0 r 0 /͒ 2 , where r 0 is the minimum spot size.
II. LASER ACCELERATION IN VACUUM
The acceleration of electrons in vacuum [2] [3] [4] [5] [6] [7] [8] by optical fields is limited by diffraction effects and by electron slippage. The phase velocity of the optical field copropagating in the direction of the accelerated electrons is greater than c and given approximately by v ph /cӍ1ϩ1/(kZ R ), where ϭck is the laser frequency, and Z R ϭkr 0 2 /2 is the Rayleigh length, i.e., Z R is the distance over which the spot size expands. Since v ph Ͼc, electrons with v z Ӎc will phase slip with respect to the accelerating field and decelerate. This will occur over a slippage distance z s , which for highly relativistic electrons is ϳZ R .
A simple calculation based on Maxwell's equations in vacuum shows that under certain restrictive conditions no net energy gain is possible using optical fields. This has become known as the Lawson-Woodward ͑LW͒ theorem. [2] [3] [4] [5] [6] [7] [8] The LW theorem assumes 2, 3 ͑i͒ the region of interaction is infinite, ͑ii͒ the laser fields are in vacuum with no walls or boundaries present, ͑iii͒ the electron is highly relativistic (vӍc) along the acceleration path, ͑iv͒ no static electric or magnetic fields are present, and ͑v͒ nonlinear effects ͑e.g., ponderomotive, vϫB, and radiation reaction forces͒ are neglected. One or more of the assumptions of LW theorem must be violated in order to achieve a nonzero net energy gain. For example, finite energy gain can be achieved by introducing a background of gas into the interaction region, as in the inverse Cherenkov accelerator. [9] [10] [11] The gas can reduce the phase velocity of the optical beam to less than c, reducing the slippage, but diffraction remains a limitation. Alternatively, acceleration can result from the introduction of a periodic magnetic wiggler field, as in the inverse free electron laser. 28 -31 In vacuum, a nonzero energy gain can be achieved by the introduction of boundaries that limit the interaction distance to a region (ϳz s ) about the laser focus.
A. Acceleration using higher-order Gaussian beams
Higher-order Gaussian modes can, in principle, provide an axial electric field component E z for electron acceleration in vacuum. [5] [6] [7] [8] By properly choosing the electron injection point, net acceleration is possible. Consider a radiallypolarized higher-order Gaussian mode propagating along the z axis in the positive z direction, after having been reflected off a mirror located at some negative z position, as shown in Fig. 1 . In the high-energy limit ͑␥ӷ␥ c ͒, z s ӍZ R /2 and in the low-energy limit ͑␥Ӷ␥ c ͒, z s Ӎ␥ 2 ӶZ R . Figure 2 shows the accelerating field as a function of axial distance for high-͑solid curve͒ and low͑dashed curve͒ energy injection. In both cases, the total area under the curve is zero, i.e., there is no net energy gain from ϪϱϽzϽϱ.
For a finite interaction region centered about the origin, the maximum energy gain 7, 8 ⌬W is given approximately by the peak amplitude of the axial electric field, 2E 0 /kr 0 , multiplied by the slippage distance, z s , i.e.,
where PϭcE 1 2 r 0 2 /32 is the laser power. The critical energy W c Ӎmc 2 ␥ c , can be written as W c ͑MeV͒Ӎ1.1͑r 0 /͒. In the high-energy limit ͑␥ӷ␥ c ͒, the energy gain can be substantial, i.e., ⌬WӍ100 MeV for Pϭ10 TW. In the low-energy limit, however, this energy gain is reduced by the factor ␥ 2 /␥ c 2 Ӷ1. When damage thresholds are considered, the low-energy limit ␥Ӷ␥ c appears to be the relevant regime for typical parameters of interest.
B. Limitations due to material damage
In principle, limiting the interaction distance to a small region near the focus can lead to substantial energy gains. In practice, however, the energy gain can be limited by the intensity damage threshold of the reflecting surface material. 8 As an example, consider placing a mirror at a distance Ϫz s /2 from the focus ͑zϭ0͒ and using the higher-order Gaussian mode, see Fig. 1 . The electron energy gain is one-half the value given by Eq. ͑3͒.
The laser intensity on the surface of the mirror I s must be less than the damage threshold limit, , and W I ϭ1 GeV, the energy gain is small, ⌬WϽ0.6 MeV. These same arguments regarding the damage threshold can be applied to other laser acceleration configurations in vacuum which rely on limiting the interaction region by using optical components.
C. Limitations due to apertures
To limit the electron and optical beam interaction distance within an acceleration stage, the electron bunch must propagate through an aperture and the optical beam reflected; see Fig. 1 . A portion of the self-fields associated with the electron bunch extends beyond the aperture and will essentially be reflected by the boundary ͑dielectric mirror͒. A limit on the maximum accelerated charge per bunch is reached when the reflected self-field energy equals the energy gain per stage or when the self-fields on the reflecting boundary become comparable to the damage threshold value. The selffields associated with a highly relativistic electron are dominated by the radial electric field E r and azimuthal magnetic field B , i.e., the radial electric field is larger than the axial electric field by the factor ␥ 3 . The self-fields for a single electron of charge q, at position rϭ0 and zϭz 0 
.
͑4͒
The total self-field energy that intercepts the boundary is given approximately by where z b ϭl b ϩr/␥, r a is the aperture radius, r a ӷr b , and x a ϭ2r a /(␥l b ). The fact that the radial self-field of a single electron is confined within an angle 1/␥ is apparent in the limits of integration over z in Eq. ͑5͒. The self-field energy intercepting the aperture in the extended electron bunch limit, l b ӷ2r a /␥, is
and in the localized electron bunch limit, l b Ӷ2r a /␥, is W self Ӎq 2 N 2 ␥/2r a . Equating the total energy gain per stage (N⌬W) with the total reflected self-field energy ͑RW self ͒ places a limit on the amount of charge that can be accelerated, where ⌬W is the single electron energy gain per stage and R is the self-field energy reflection coefficient. The reflection coefficient is approximately given by Rϭ͉͑1Ϫͱ⑀͒/͑1ϩͱ⑀͉͒ 2 , where ⑀ is the dielectric constant of the reflecting surface and is taken to be independent of frequency, even though the self-fields have a frequency spectrum that peaks around Ӎc/l b . In the extended electron bunch limit the maximum number of electrons that can be accelerated to energy ␥mc 2 is
whereas in the localized electron bunch limit N max ϭ(2r a /r e )(⌬␥/␥)/R, where r e ϭq 2 /mc 2 is the classical electron radius and ⌬␥ϭ⌬W/mc 2 . For highly relativistic beams, the extended bunch limit is relevant, l b ӷr a /␥. As an example, consider a 10 GeV electron bunch ͑␥ϭ2ϫ10 
D. Vacuum beat wave accelerator
The vacuum beat wave accelerator ͑VBWA͒ is an example of an accelerator based on the nonlinear ponderomotive force. 7, 8 In the VBWA, two laser beams of different wavelengths, 1 and 2 , are copropagated in the presence of an injected electron beam. Properly phased electrons, traveling essentially along the same axis as the two laser beams, experience an axial acceleration from the beat term in the v؋B force. By adjusting the wavelengths and spot sizes of the laser beams, the phase velocity of the ponderomotive beat wave can be adjusted such that v ph рc. The acceleration mechanism in the VBWA is similar to that of the inverse free electron laser. 28 -31 The energy gain in the VBWA is given by 7, 8 
where W F (W I ) is the final ͑initial͒ electron energy, and we assumed W I ӷmc 2 . As an illustration, for 1 ϭ2 2 ϭ1 m and P 1 ϭ20 TW, the energy gain is 100 MeV.
III. LASER ACCELERATION IN A GAS
The linear dispersion relation for a laser beam propagating in a neutral gas implies an axial phase velocity v ph given by v ph /cӍ1ϩ2/kZ R Ϫ͑ 0 2 Ϫ1͒/2, where 0 is the linear refractive index. Typically, 0 2 Ϫ1Ӷ1 and is proportional to the neutral gas density n n . A proper choice of n n can result in v ph рc and electron phase slippage can be eliminated, however, diffraction remains an important limitation. This is the basis of the inverse Cherenkov accelerator ͑ICA͒, 9-11 which uses a higher-order Gaussian laser beam to accelerate electrons in a gas. Experiments at Brookhaven National Laboratory 10 on the conventional ICA observed a 3.7 MeV energy gain ͑31 MeV/m͒ of an injected electron beam ͑40 MeV͒ using a 580 MW, CO 2 laser in 2.2 atm of H 2 gas.
A. Self-guided inverse Cherenkov acceleration
In the conventional ICA, the electron accelerating distance ͑energy gain͒ is severely limited by diffraction effects. By self-guiding the optical beam in the ICA, 11 substantially higher electron energy gains can be achieved.
A self-guided inverse Cherenkov accelerator ͑ICA͒ has recently been proposed and analyzed. 11 The self-guided ICA uses a higher-order Gaussian laser pulse, which has a radially-polarized electric field component of the form E r ӍE 0 (&r/r s )exp͑Ϫr 2 /r s 2 ϩi͒, where r s is the laser spot size and is the laser phase ͓near the axis, ӍkzϪtϪ2 tan Ϫ1 ͑z/Z R ͔͒. In addition, there is a significant accelerating axial field peaked along the z axis with magnitude ͉E z ͉Ӎ2&E 0 /kr s , where kϭ2/. The self-guided ICA configuration operates at laser powers near the critical power for self-focusing and at intensities for which the gas is slightly ionized. Figure 3 shows schematically the radial profiles of the electric fields and plasma for the self-guided ICA.
The propagation of intense optical beams in gases is affected by a combination of diffraction, refraction, and ionization.
The refractive index is given by
is the electron plasma frequency, n e is the electron plasma density, 2 is the nonlinear refractive index, and I is the intensity of the optical beam. Generally, 2 is positive and results in self-focusing of the optical beam when the beam power is greater than the nonlinear focusing ͑critical͒ power, which for a fundamental Gaussian beam 34 is P NG ϭ 2 /͑2 0 2 ͒. As the beam self-focuses, the peak intensity becomes sufficiently large so that tunneling ionization occurs and a plasma is generated. The local decrease in the FIG. 3 . Schematic showing radial and axial field profiles for the radially polarized optical beam. The peak radial field E r,p ϭE 0 /ͱe occurs at rϭr s /&, the peak axial field E z,p ϭ(&/)(/r s )E 0 occurs at rϭ0. A plasma, with density n e is generated and is confined to the region rӍr s /&. refractive index due to the plasma tends to defocus the optical beam. If diffraction, self-focusing due to 2 and defocusing due to plasma generation are properly balanced, a selfguided optical beam can be formed.
An envelope equation describing the evolution of the optical beam spot size r s (z,t) can be derived by applying the source-dependent expansion ͑SDE͒ method 35 to the paraxial wave equation. In the SDE method, the optical beam is expanded in a complete set of orthogonal Laguerre-Gaussian functions that are implicitly functions of ϭzϪct and the propagation time, ϭt, through the optical beam parameters, i.e., spot size, wave front curvature, amplitude, and phase. The self-guiding analysis assumes that the optical beam is adequately described by a single Laguerre-Gaussian mode and higher-order mode coupling and generation are neglected. Ionization is considered in the high-field limit and is modeled by the tunneling ionization rate. 36 The evolution of the spot size r s ͑,͒ is given by
where Rϭr s /r 0 is the spot size normalized to its initial value, Z R0 ϭkr 0 2 /2 is the initial Rayleigh length, Pϭ(c 0 /16)E 0 2 r 0 2 is the total power, P NR ϭ2 2 /( 0 2 ) is the nonlinear focusing power for the radially polarized beam, k pn 2 ϭ4q 2 n n /mc 2 , and R is the filling factor. The terms on the right-hand side of Eq. ͑9͒ denote, respectively, vacuum diffraction, nonlinear focusing, and plasma defocusing. The filling factor is given by
where xϭ2r 2 /r s 2 . In the limit n e /n n Ӷ1, the plasma density is given by ‫ץ‬n e /‫ץ‬ϭϪ(n n /c)W ion (͉E > ͉), where W ion (͉E > ͉) is the usual tunneling ionization rate, 36 which is a function of the field amplitude ͉E > ͉.
The condition for a matched beam, i.e., ‫ץ‬ 
where we have set I equal to the ionization intensity (IӍI I ). The phase velocity can be controlled by introducing a small amount of background plasma. 11 A transversely uniform background plasma will increase the phase velocity but have no effect on the focusing of the optical beam. The background plasma can be created by introducing a small concentration of easily ionized gas, i.e., low ionization intensity. In addition, the background density can be tapered as a function of z to increase the phase velocity and optimize electron acceleration.
B. Ionization-modulation instability
The equilibrium described above is subject to an ionization-modulation ͑IM͒ instability. 11 The IM instability is due to varying degrees of ionization along the beam and results in the modulation of the optical beam envelope. The IM instability can be analyzed by perturbing the equilibrium spot size of an optical beam, RϭR 0 ϩ␦R, where R 0 is the equilibrium value and ␦R is the perturbation. Expansion of Eq. ͑9͒ about R 0 indicates that the perturbed envelope satisfies an equation of the form
where U is a slowly varying function of . For a fundamental Gaussian beam, it can be shown 11 that in the linear regime the asymptotic growth of the IM instability is of the form ␦Rϳexp[(1Ϯi))N e ], where
The growth of the IM instability depends on the profile of the plasma electron density along the axis, n e ͑͒. As an example, for a gas at 20 atm with n e /n n Ӎ10 Ϫ4 and r 0 Ӎ28 m, as in Fig. 4 discussed below, the beam undergoes approximately 25 e-folds ͑N e ϳ25͒ after propagating a distance of 100 Rayleigh lengths ͑cϭ100Z R ͒.
To gain some understanding of the IM instability, consider increasing the spot size of a matched optical beam, i.e., ␦R͑ϭ0͒Ͼ0. In this case the beam intensity and ionization rate are reduced, resulting in less plasma generation and enhanced focusing of the beam. The focusing optical beam overshoots its equilibrium value, such that ␦RϽ0 some distance behind the beam front. When ␦RϽ0, the intensity, ionization rate, and plasma density increase, causing the beam to defocus and overshoot its equilibrium value. This focusing and defocusing of the beam results in the IM instability. The modulation amplitude and period are functions of the distance back from the head of the optical beam, ͉͉, and the propagation distance c. 
C. Ionization and collisional losses
As the plasma electrons oscillate in the laser field, they can collide with the background plasma electrons, ions, and the neutral atoms. For a weakly ionized gas, electron scattering is dominated by electron-neutral collisions. 11 The electron-neutral collision frequency is given by en ϭn n en ͗v os ͘, where en is the electron-neutral cross section and ͗v os ͘ is an average oscillation velocity of the electrons. Typically, en Ӎ 0 is approximately constant for electron energies ⑀Ͻ⑀ 0 , where 0 ϳ10 Ϫ15 cm Ϫ3 and ⑀ 0 is on the order of tens of eV. For example, n n ϭ3ϫ10
19 cm Ϫ3 and ͗v os ͘ϭ5ϫ10
Ϫ3
c imply an electron-neutral collision time of en ϭ en Ϫ1 ϳ200 fs. Ionization of the gas as well as electron-neutral collisions result in the depletion of the laser intensity, I, which is found to be given by 11 ‫ץ‬I/‫(ץ‬c)ϭϪI/L d , where
is the intensity attenuation length. In Eq. ͑14͒, W ion is the tunneling ionization rate, , ϭ1 m, and f ϳ10
Ϫ1
, the attenuation length is L d ϳ30 m.
D. Numerical examples
As an example, consider a self-guided ICA, in which a higher-order, radially polarized optical beam of wavelength ϭ1 m propagates in hydrogen ͑H 2 ͒ at 30 atm. Since E z ϳ 2 1/2 ϳn n 1/2 , the accelerating gradient can be increased by increasing the gas pressure. Hydrogen is chosen for its low atomic number Z, i.e., low bremsstrahlung losses ͑ϳZ 2 ͒. At 30 atm, n n Ӎ8.1ϫ10 20 cm
Ϫ3
, 2 Ӎ3.3ϫ10
Ϫ18 cm 2 /W, P NR Ӎ1.9 GW, and ionization potential U I Ӎ15.4 eV. The matched beam conditions can be determined from Eqs. ͑9͒ and ͑10͒ for a given axial intensity profile. For a constant peak intensity of Iϭ4.7ϫ10 13 W/cm 2 , the matched profiles for the spot size r s and the power P are shown in Fig. 4 . For these parameters, the amount of ionized plasma is small, n e /n n р10
Ϫ4
. The on-axis accelerating field, also shown in Fig. 4 , has the maximum value 450 MV/m at the front of the optical beam.
As discussed above, the optical beam undergoes an IM instability. Numerical simulations of Eq. ͑9͒ show that, with a 1% initial perturbation of the spot size, the IM instability significantly disrupts the beam envelope after ϳ10 cm of propagation. The growth rate of the IM instability is a highly nonlinear function of the laser intensity, through the electron density. Reducing the intensity in the example to 3.2ϫ10 13 W/cm 2 ͑which reduces E z to 300 MeV/m͒ results in a matched beam with very little ionization ͑the plasma density is reduced by a factor of 130͒ and little variation in power and spot radius along the length of the laser pulse. Simulations show that with a 1% perturbation in the spot size, the pulse propagates Ͼ1 m without significant disruption.
A self-focusing mechanism has recently been reported with ultrashort fundamental Gaussian laser pulses. 37 In these experiments laser pulses with intensities of ϳ7ϫ10 13 W/cm 2 and spot sizes of ϳ40 m were propagated over 20 m in air. This experiment, however, does not demonstrate the selfguiding of a fundamental Gaussian beam since a significant portion of the beam energy exists beyond the 40 m spot size.
IV. LASER ACCELERATION IN PLASMAS
Plasmas can offer some advantages as an accelerating medium in laser-driven accelerators. Plasmas can be modulated and sustain ultrahigh electric fields, and under appropriate conditions can optically guide the laser beam. The two laser-plasma accelerator configurations that have received the most attention are the plasma beat wave accelerator ͑PBWA͒ 12,38 -41 and the laser wakefield accelerator ͑LWFA͒.
12-23 The PBWA utilizes two laser beams of frequencies 1 and 2 , such that 1 Ϫ 2 Ӎ p is the plasma frequency, to resonantly drive a plasma wave. The following discussion is concerned primarily with the LWFA.
A. Laser wakefield acceleration
As an intense laser pulse propagates through an underdense plasma, i.e.,
, and n e0 is the ambient electron density, the ponderomotive force associated with the laser pulse envelope, F p ϳ"a 2 , expels electrons from the region of the laser pulse. If the pulse length is approximately equal to the plasma wavelength, c L Ӎ p , the ponderomotive force excites large-amplitude plasma waves ͑wakefields͒ with phase velocities approximately equal to the laser pulse group velocity. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] The maximum wakefield amplitude generated by a linearly polarized laser pulse of amplitude a 0 , in the one-dimensional ͑1-D͒ limit r 0 2 ӷ p 2 , is [15] [16] [17] [18] 
͑15͒
In the absence of optical guiding, the interaction distance, L int , will be limited by diffraction, i.e., L int ӍZ R . The maximum energy gain of the electron beam in a single stage is ⌬WϭE max L int , which, in the limit a 0 2 Ӷ1, may be written as 18 ⌬W͑MeV͒ϭ580(/ p ) P͑TW͒. As an example, consider a L ϭ1 ps linearly polarized laser pulse with Pϭ10 TW, ϭ1 m, and r 0 ϭ30 m ͑a 0 ϭ0.72͒. The requirement that c L ϭ p implies n e0 ϭ1.2ϫ10 16 cm
Ϫ3
. This gives E max ϭ2.0 GeV/m, L int ϭ0.9 cm, and ⌬Wϭ18 MeV. The interaction length and the electron energy gain may be greatly increased by optically guiding the laser pulse in the plasma.
B. Optical guiding in plasma
For a laser pulse to propagate in a plasma beyond the limits of vacuum diffraction, some form of optical guiding is necessary. For sufficiently powerful, long laser pulses, diffraction can be overcome by relativistic effects and the laser pulse can be optically guided. 14, 16, 20, [42] [43] [44] [45] [46] [47] [48] [49] The index of refraction associated with the laser in the plasma is
where n e ϭn e0 ϩ␦n e , ␦n e is the perturbed electron density, and ␥ is the relativistic factor of the plasma electrons. For a long laser pulse ͑long rise time͒, c L ӷ p , it may be shown 16 that ␥ Ϫ1 n e /n e0 Ӎ(1ϩa 0 2 /2)
. A necessary requirement for optical guiding is that R have a maximum on axis, ‫ץ‬ R /‫ץ‬rϽ0, which is the case for a laser intensity profile peaked on axis. Analysis indicates that the main body of a long laser pulse will be optically guided, provided the laser power P exceeds a critical value, PϾ P c , where [42] [43] [44] [45] , p ϭ11 m, and ϭ1 m, the critical laser power is P c ϭ2.1 TW. For sufficiently short pulses, L Ͻ1/ p , the plasma has insufficient time to respond to the laser pulse and relativistic optical guiding does not occur. 16, 20 To optically guide short intense laser pulses in plasmas, a preformed plasma density channel can be used. 18, 20 The index of refraction, in the absence of relativistic effects, is given by Eq. ͑16͒ with ␥ϭ1 and n e ϭn e (r) is the electron density radial profile. Optical guiding can occur when the plasma density is minimum on axis and analysis of the wave equation for a fixed parabolic plasma density channel indicates that optical guiding of a Gaussian laser pulse occurs when the channel density depth satisfies 18, 20 ⌬n e у⌬n c , where ⌬n c ϭ(r e r 0 2 ) Ϫ1 is the critical channel depth, ⌬n e ϭn e (rϭr 0 )Ϫn e (rϭ0) and r e ϭq 2 /mc 2 . For example, a spot size of r 0 ϭ30 m implies ⌬n c Ӎ10 17 cm
Ϫ3
. Simulations, which include the self-consistent evolution of the density channel, indicate that density channels can guide short pulse lengths and high intensities. 18, 20, 23 Recently, the guiding of modest intensity ͑10 14 W/cm 2 ͒ laser pulses in a plasma density channel formed by an axicon focus has been experimentally demonstrated. 50 Capillary discharges can also be used to create plasma density channels. 51 Optical beams propagating in plasmas can undergo a wide range of instabilities that can limit the interaction distance. These instabilities include backward and forward Raman scattering, 21, [52] [53] [54] self-modulation, [19] [20] [21] [22] [23] 55 and laser hosing.
56,57
C. Self-modulated laser wakefield acceleration
In the recently proposed self-modulated LWFA, 22, 23 enhanced electron acceleration is achieved via resonant selfmodulation of the laser pulse. [19] [20] [21] [22] [23] This occurs when the laser pulse length is several plasma wavelengths, c L Ͼ p , and the peak laser power satisfies Pу P c , where P c ͑GW͒Ӎ17͑ p /͒ 2 is the critical power. At fixed laser parameters, both conditions can be met by choosing a sufficiently high plasma density, since P c ϳ1/n e0 and p ϳ1/n e0 1/2 . Wakefields generated in the self-modulated regime are more than an order of magnitude greater than those generated by a laser pulse with c L ϭ p /2, assuming fixed laser parameters.
Acceleration is enhanced for four reasons: ͑i͒ a higher density produces a larger wakefield, E z ϳn e0 1/2 ; ͑ii͒ the resonant mechanism excites larger wakefields than in the standard LWFA; ͑iii͒ since Pу P c , relativistic focusing further enhances the laser intensity; and ͑iv͒ a portion of the pulse will remain guided over several diffraction lengths, extending the acceleration distance.
The self-modulation mechanism can be understood by considering a long laser pulse c L ӷ p , with power Pу P c , such that the body of the pulse is relativistically guided. The leading edge of the pulse will create a low-amplitude wakefield within the remainder of the laser pulse. In the wakefield, each region of decreased density acts as a local plasma channel to enhance the relativistic focusing effect, while each region of increased density causes defocusing. This results in a low-amplitude modulation of the laser pulse at p . The modulated laser pulse resonantly excites the wakefield and the process continues in an unstable manner. 55 This instability develops on a timescale associated with laser diffraction. In the one-dimensional limit, laser pulse modulation can also occur via the usual forward Raman scattering ͑FRS͒ instability. 52, 54 The parameters used in the following fluid simulations are similar to the design parameters for the Naval Research Laboratory ͑NRL͒ LWFA experiment. A Gaussian laser pulse was assumed with ϭ1 m, a 0 ϭ0.96, r 0 ϭ10 m, and c L ϭ120 m ͑400 fs͒, such that Z R ϭ0.031 cm and Pϭ2 TW. The density is n e0 ϭ1.1ϫ10
19 cm Ϫ3 ͑ p ϭ10 m͒, such that P c ϭ1.67 TW ( PӍ1.2P c ). At ϭ0, the laser pulse is outside the plasma and the plasma density is ''ramped up'' to reach full density at cϭ0.1 cm ͑3.2Z R ͒. The laser pulse is initially converging, such that in vacuum it would focus to a minimum spot size of r 0 ϭ10 m at the point where the plasma reaches full density ͑0.1 cm͒. The simulation continues until cϭ0.2 cm ͑10 Z R ͒. Figure 5 shows the normalized laser intensity ͉â f ͉ 2 at cϭ0.2 cm ͑at focus in vacuum, ͉â f ͉ 2 ϭa 0 2 ͒. Several peaks in the laser intensity are observable with period ϳ p . The corresponding plot of the axial electric field is shown in Fig. 6 . As the laser becomes fully modulated, the resonant excitation of the field becomes stronger, with the peak accelerating field increasing from ͉E z ͉ϭ270 GV/m at cϭ0.15 cm to ͉E z ͉ϭ350 GV/m at cϭ0.2 cm.
To study the trapping and acceleration of beam electrons by the wakefield, a test particle code is used to accelerate a distribution of noninteracting particles in the time-resolved electric and magnetic wakefields of the fluid simulation. A continuous electron beam is assumed with initial energy of 1.0 MeV and normalized emittance ⑀ n ϭ7 mm-mrad. The beam is initially converging, such that in vacuum it would focus to a minimum RMS radius r b ϭ350 m at cϭ0.1 cm. After cϭ0.2 cm, a small fraction of the original particle distribution has been trapped and accelerated. Figure 7 , which shows the peak particle energy versus c, gives a peak energy of 113 MeV at cϭ0.2 cm.
V. LASER-PLASMA ACCELERATION EXPERIMENTS
Laser-plasma acceleration experiments have been performed in a number of configurations and/or regimes. For example, the PBWA uses two long pulse (c L ӷ p ) laser beams of frequencies 1 and 2 , such that 1 Ϫ 2 Ӎ p , to resonantly drive a plasma wave. 12,38 -41 The LWFA, on the other hand, uses a single, intense laser pulse to drive a plasma wave. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] The LWFA can operate in the short-pulse ͑standard͒ regime [12] [13] [14] [15] [16] [17] [18] in which c L Ӎ p , or in the long pulse ͑self-modulated͒ regime [19] [20] [21] [22] [23] in which c L Ͼ p . In the self-modulated LWFA regime, laser pulse modulation can occur by the FRS instability 52, 54 and/or the envelope selfmodulation instability. 55, 57 Laser acceleration of electrons in plasmas has been observed in several experiments worldwide. In an early experiment by Joshi et al., 59 a single, long pulse CO 2 laser beam interacting with a thin carbon foil was observed to produce 1. . Experiments at Osaka 58 observed electron acceleration in both the standard and self-modulated LWFA experiments using a 8 TW, 1 ps laser pulse and a source of ϳ1 MeV electron from a laser-solid interaction. In the standard LWFA, an energy gain of ϳ1 MeV was observed in a plasma of density 3ϫ10 15 cm
Ϫ3
; and in the self-modulated LWFA, an energy gain of 17 MeV was observed in a plasma of density 10 19 cm
. At Lawrence Livermore National Laboratory ͑LLNL͒, 59 background plasma electrons were trapped and accelerated to 2 MeV ͑ϳ2 GeV/m͒ using a 5 TW, 600 fs laser pulse in a plasma of density 2ϫ10 19 cm Ϫ3 in a selfmodulated LWFA experiment. At Rutherford, 60 selfmodulated LWFA experiments generated 45 MeV ͑ϳ90 GV/m͒ self-trapped plasma electrons using a 20 TW, 1 ps laser pulse in a 10
19 cm Ϫ3 plasma. Preliminary results from Michigan 61 report the acceleration of self-trapped plasma electrons in a self-modulated LWFA experiment.
VI. DISCUSSION
Several important issues associated with laser driver acceleration in vacuum, neutral gases, and plasmas have been discussed. Laser vacuum acceleration is limited by electron slippage and diffraction effects. The slippage distance is given by Eq. ͑2͒. A general class of laser vacuum acceleration configurations requires reflecting surfaces with apertures for the electron beam. Two additional limitations apply to this class of configurations. Material damage considerations place limits on the laser intensity, electron energy, current, and aperture radius. As the electron beam passes through the aperture a portion of the self-fields is reflected. This reflected self-field energy represents a loss in electron kinetic energy and places a limit on the electron energy and current. Another general class of laser vacuum accelerators, e.g., the vacuum beat wave accelerator, utilizes the nonlinear ͑pon-deromotive͒ laser forces.
The electron slippage limitation can be removed by using a neutral gas for the accelerating medium. However, diffractive spreading remains an important restriction. To overcome both diffraction and slippage, a self-guided inverse Cherenkov accelerator has been proposed and analyzed. Selfguiding is the result of a balance between diffraction, nonlinear self-focusing, and ionization defocusing. The envelope of the self-guided optical beam is inherently unstable due to an ionization-modulation instability. Accelerating gradients of ϳ0.5 GV/m can be achieved in the self-guided ICA.
Some important features of laser acceleration in plasmas have been reviewed, including the LWFA, optical guiding in plasmas, and the self-modulated LWFA. A simulation of the self-modulated LWFA, based on the design parameters of the NRL experiment, indicates that energy gains in excess of 100 MeV and gradients in excess of 300 GV/m are possible. Several laser-plasma experiments have demonstrated elec- 
